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Litterfall dynamics (production, seasonality and nutrient composition) are key factors 
influencing nutrient cycling. Leaf litter characteristics are modified by species composition, 
site conditions and water availability. However, significant evidence on how large-scale, 
global circulation patterns affect ecophysiological processes at tree and ecosystem level 
remains scarce due to the difficulty in separating the combined influence of different factors 
on local climate and tree phenology. To fill this gap, we studied links between leaf litter 
dynamics with climate and other forest processes, such as tree-ring width (TRW) and intrinsic 
water-use efficiency (iWUE) in two mixtures of Scots pine (Pinus sylvestris L.) and European 
beech (Fagus sylvatica L.) in the south-western Pyrenees. Temporal series (18 years) of 
litterfall production and elemental chemical composition were decomposed following the 
ensemble empirical mode decomposition (EEMD) method and relationships with local 
climate, large-scale climatic indices, TRW and Scots pine´s iWUE were assessed. Temporal 
trends in N:P ratios indicated increasing P-limitation of soil microbes, thus affecting nutrient 
availability, as the ecological succession from a pine-dominated to a beech-dominated forest 
took place. A significant influence of large-scale patterns on tree-level ecophysiology was 
explained through the impact of the North Atlantic Oscillation (NAO) and El Niño – Southern 
Oscillation (ENSO) on water availability. Positive NAO and negative ENSO were related to 
dry conditions and, consequently, to early needle shedding and increased N:P ratio of both 
species. Autumn storm activity appears to be related to premature leaf abscission of European 
beech. Significant cascading effects from large-scale patterns on local weather influenced 
pine TRW and iWUE. These variables also responded to leaf stoichiometry fallen three years 
prior to tree-ring formation. Our results provide evidence of the cascading effect that 
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variability in global climate circulation patterns can have on ecophysiological processes and 
stand dynamics in mixed forests.  
  
González de Andrés et al. (2019)  https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.14672 
 4 / 51 
INTRODUCTION 
Studying the mechanisms that regulate nutrient transfer between different ecosystem 
compartments may provide insights into nutrient cycling and limitation (Reed et al., 2012; 
Lang et al., 2016). Leaf litter constitutes (together with root turnover) a major proportion of 
nutrient cycling between plants and soils (Prescott, 2002), and therefore it reflects constraints 
on internal fluxes of carbon (C) and key elements such as nitrogen (N), phosphorus (P) and 
potassium (K) at the ecosystem scale (Vitousek, 1982; McGroddy et al., 2004; Zechmeister-
Boltenstern et al., 2015). N:P:K stoichiometry can be associated with important ecological 
processes and ecosystem traits, such as ecosystem composition and diversity (Güsewell et al., 
2005), the ability of trees to adapt to environmental stresses (Sardans et al., 2013; Sardans et 
al., 2017), or composition of decomposer communities and litter decomposition rates (Berg & 
McClaugherty 2003, Güsewell & Gessner 2009, Mooshammer et al., 2014). One of the most 
widespread hypotheses in ecological stoichiometry is the growth rate hypothesis, which states 
that organisms must increase the relative allocation of P to P-rich ribosomal RNA to meet the 
demands for protein synthesis required for rapid growth, which is possible under low N:P 
ratios in the environment (Sterner & Elser, 2002). The link of N:P ratios with anabolic 
metabolism has also been reported (Rivas-Ubach et al., 2012), suggesting that in more 
climate-favourable conditions for anabolic metabolism, plants would make a more thorough 
use of N and P prior to leaf litter abscission, and therefore litter would have higher N:P ratios. 
This hypothesis has had consistent support in freshwater ecosystems (Sardans et al., 2012b, 
and citations therein). However, in complex terrestrial plants such as trees those relationships 
remain inconclusive.  
Decomposition and nutrient mineralization rates are driven by multiple factors, being the 
most important soils, climate, decomposer community, and litter quality (Berg & 
McClaugherty, 2003; Parton et al., 2007). In two global meta-analyses, litter quality 
(stoichiometry) was identified as the most important factor controlling decomposition rates 
and thus the resulting nutrient release into the soil (Cornwell et al., 2008; Zhang et al., 2008). 
The consumer-driven nutrient recycling theory predicts that the balance between litter 
stoichiometry and microbial element use efficiency directly determines nutrient recycling 
ratios (Sterner & Elser, 2002). Unlike plants, soil microbes are largely homeostatic in terms of 
C:N:P stoichiometry (Xu et al., 2013; Li et al., 2014). This means that variable resource 
stoichiometry has little or no effect on microbial biomass stoichiometry due to physiological 
regulation (Sterner & Elser, 2002). Such regulation mainly includes the control of element use 
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efficiencies and the production of extracellular C-, N- and P- acquiring enzymes 
(Mooshammer et al., 2014). The stoichiometric imbalance between litterfall and microbial 
communities results in microbial activity limitation by a particular nutrient, and thus its 
immobilization in microbial biomass. Therefore, leaf litter nutrients, particularly N and P, 
strongly and positively affect decomposition rates due to the high nutrient demands of 
microbial decomposers to build and maintain biomass (Conrwell et al., 2008; Zechmeister-
Boltenstern et al., 2015). 
Leaf litter quality is directly related to nutrient concentration in green leaves and the 
resorption processes during senescence (Killingbeck, 1996; Kobe et al., 2005). There are 
substantial differences among species in total plant stoichiometry (Nitschke et al., 2017), and 
nutrient composition of green leaves (Sardans et al., 2015) and leaf litter (Staelens et al., 
2011; Yuan & Chen, 2009a; Kang et al., 2010). Hence, forest species composition and 
canopy structure are pivotal drivers of decomposition and nutrient release. Mixed-species 
forests are increasingly receiving attention as they are considered more resistant to 
disturbances and extreme events (Jactel et al., 2017) and may provide ecosystem goods and 
services more effectively than pure stands (Gamfeldt et al., 2013; Duffy et al., 2017). Over 
recent decades, natural or managed growth of European beech (Fagus sylvatica L.) under 
Scots pine (Pinus sylvestris L.) canopy has progressively resulted in mixed stands. Although 
the scientific knowledge on the structure and functioning of this species mixture is quickly 
accruing (e.g. Pretzsch et al., 2015; Metz et al., 2016; Barbeito et al., 2017; González de 
Andrés et al., 2017; González de Andrés et al., 2018; Del Río et al., 2017), little is known 
about its litterfall dynamics and nutrient cycling. Rothe & Binkley (2001) reviewed multiple 
nutritional interactions in tree species mixtures regarding foliar nutrition, soil nutrient supply, 
and nutrient input rates. Primicia et al. (2014) and Urbina et al. (2017) found effects of inter-
specific competition on resorption efficiency. Recently, Nickmans et al. (2017) have 
described a significant effect of neighbour species identity on leaf nutrient content. 
Furthermore, an effect of tree species richness on decomposition rates has been identified 
(Talkner et al., 2009; Joly et al., 2017). Consequently, nutrient cycling and limitation in 
mixed-species forests cannot be extrapolated from those of monospecific stands. 
Climate is also an important factor on litter decomposition. Current evidence of climate 
variations effects on litter quality is mostly indirect (García-Palacios et al., 2013). Year-to-
year variations in climate and extreme weather events such as droughts or storms can alter 
litter production´s dynamics and composition (Pausas et al., 1994; Yuan & Chen, 2009a). 
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Variations in leaf litter production have been explained by air temperature (Martínez-Alonso 
et al., 2007), rainfall (Lehtonen et al., 2008), soil temperature and moisture (Blanco et al., 
2006), actual evapotranspiration (Berg & Meentemeyer, 2001) or wind speed and early frost 
events (Portillo-Estrada et al., 2013), among others. Climate can also substantially influence 
seasonal litterfall patterns (Reich & Borchert, 1984; Wright & Cornejo, 1990; Portillo-Estrada 
et al., 2013; Zhang et al., 2014), thereby influencing soil microbial activity and nutrient 
cycles. Because of modifications of leaf phenology and fall kinetics, there may be strong 
inter-annual differences in nutrients of senescent leaves (Killingbeck et al., 1990; Del Arco et 
al., 1991; Escudero et al., 1992; Niinemets & Tamm, 2005).  
The assessment of climate-litterfall relationships has been traditionally focused on locally 
measured climatic components, but large-scale climate patterns can partially capture the 
complexity and temporally variable associations between local climate and ecological 
processes and give an insight on the underlying mechanisms (Stenseth et al., 2002; Stenseth et 
al., 2003; Hallet et al., 2004). Dominant climatic teleconnections account for major variations 
in local weather and climate (Stenseth et al., 2002; Gámiz-Fortis et al., 2011) since climate 
oscillations (e.g. North Atlantic Oscillation (NAO), or El Niño – Southern Oscillation 
(ENSO) are related to changes in ocean temperatures and global atmospheric phenomena 
(Hurrell, 1995). The ability of large-scale indices to outperform proxies of local climatic 
conditions in explaining variation in ecological processes has been demonstrated in plant 
phenology (Post & Stenseth, 1999; Guan, 2014), and tree growth (Piovesan & Schirone, 
2000; Camarero, 2011; Rozas et al., 2015; Lo et al., 2017; Madrigal-González et al., 2018). 
Nevertheless, to the best of our knowledge no research has analysed the effect of global 
atmospheric-oceanic circulation patterns on leaf litter quantity and quality dynamics. 
Understanding productivity limitations imposed by nutrient availability, in which leaf 
litter dynamics play a key role, is increasingly important for forecasting forest ecosystem 
responses to global change (Sardans et al., 2017). Using one of the longest records on litterfall 
production and composition in mixedwoods (18 years), available from two mixed Scots pine 
– European beech forests of contrasting climatic and fertility characteristics in the south-
western Spanish Pyrenees, our objectives were: (1) to estimate possible trends in ecosystem 
nutrient limitation using leaf litter nutrient concentration and stoichiometry series as they may 
constraint further decomposition and nutrient release; (2) to assess the relationships between 
leaf litter dynamics and trees’ performance regarding water-use efficiency and secondary 
growth; and (3) to evaluate the influence of local climate and large-scale circulation patterns 
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on leaf litter production and nutrient composition in order to improve our knowledge of 
environmental controls of biogeochemical cycling at the ecosystem level. We hypothesize 
that: (1) leaf litter stoichiometry influences secondary growth of Scots pine; and (2) change in 
water availability as the result of large-scale climate oscillations influences leaf litter quantity 
and quality.  
 
MATERIAL AND METHODS 
Study area and climatic data 
The study area is located in the south-western Pyrenees, northern Spain (province of 
Navarre) (Supporting information Fig. S1). Two contrasting sites were used: a sub-xeric site 
located at low elevation with a cool and wet Mediterranean climate (MED site), and a mesic 
site situated at high elevation and characterized by cold-wet continental climate (CONT site). 
Further information on site characteristics is provided in Table 1. Data describing soil 
characteristics were obtained by digging soil pits in the year 2000 and then collecting 3-5 soil 
samples of the top mineral soil per plot (~13 cm, corresponding approximately with the A-
horizon at both sites) 11 times at irregular intervals during the 2000-2017 period. Main soil 
chemical features are shown in Table 2. 
Climatic data for the period 2000-2017 were obtained from the nearest weather stations 
to each site. Monthly mean temperature and total precipitation for the period 2000-2017 for 
each study site was transformed into the more biologically meaningful standardized 
precipitation evaporation index (SPEI) (Vicente-Serrano et al., 2010). SPEI calculation at 
time scales of 1 and 3 months was conducted using the SPEI package for R software 
(Beguería & Vicente-Serrano, 2017). Further information on climate data collection and 
transformation can be found in the Supporting information. 
In order to identify the responses of local climate and leaf litter dynamics to large-scale 
circulation patterns, we considered two monthly large-scale climatic indices. The NAO 
represents the north-south gradient in atmospheric pressure between the subtropical Atlantic 
and the Arctic oceans; its fluctuations are of the greatest amplitude during the cold season 
months (Osborn 2011). ENSO describes the atmosphere-ocean interactions throughout the 
tropical Pacific Ocean and represents Earth’s strongest inter-annual climate variation affecting 
a wide geographic area (Stenseth et al., 2003). In this study, we focused on ERSSTv5 
González de Andrés et al. (2019)  https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.14672 
 8 / 51 
NINO3.4 (5ºN-5ºS, 120ºW-170ºW; Climate Prediction Center, NOAA, 
http://www.cpc.noaa.gov/data/indices).  
Litterfall sampling 
Three unmanaged plots (30 m x 40 m) were set up at each study site. Aboveground 
litterfall was collected with nine circular traps (0.6 m diameter and 1 m height) randomly 
distributed in each plot. A conical plastic mesh was attached to each structure (1.5 mm mesh 
size, 0.5 m depth). Litterfall collection was conducted over an 18-year period (2000 – 2017). 
Every trap was emptied at the beginning of August. Litterfall samples were collected during 
the first week of each month from September to December at the Mediterranean site and from 
September to November at the continental site (heavy snowfalls commonly prevented litter 
collection at this site in December). This period was selected as it comprises the main 
aboveground litterfall peak of pine needles and beech leaves at the study sites (Blanco et al., 
2006). Samples were air dried for 24 h, then dried at 70 °C in an oven to constant weight. 
Samples were weighed on a precision scale and separated into five fractions: Scots pine 
needles, European beech leaves, leaves of other broadleaf species, pine branches, and 
miscellaneous (bark, cones, beechnuts, buds, inflorescences, etc.).  
Leaf litter samples (pine needles and beech leaves) were pooled by plot and month and 
grounded through a 1-mm sieve (MF-10, IKA). Total nitrogen concentration ([N]) in leaf 
litter was determined by the dry combustion Dumas method (Matejovic 1993) using a 
TRUSPEC CN628 elemental analyzer (LECO Corporation, MI, USA). Concentrations of 
phosphorus ([P]) and potassium ([K]) were measured using inductively coupled plasma 
emission spectrometry (ICP–ICAP 6500 DUO Thermo, England), after acid digestion 
(HNO3–H2O2 4:1) in a microwave. Stoichiometric N:P, N:K and P:K ratios were expressed as 
mass ratios (g element/g element). 
Scots pine radial growth and water-use efficiency 
At each location, we randomly chose eight dominant and co-dominant pine trees per plot 
(n = 50). Selected trees were sampled at breast height perpendicular to the maximum slope 
using a Pressler increment borer. Tree coring was carried out in the spring of 2014. Two 
complete radii were extracted from each tree. Cores were air dried, glued onto wooden 
mounts, and sanded until tree rings were clearly visible (Fritts, 2001). All samples were 
visually cross-dated using the identification of signature years. Tree-ring width (TRW) was 
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measured to a precision of 0.01 mm using a LINTAB measuring device (Frank Rinn, 
Heidelberg, Germany). Cross-dating was further validated using the COFECHA software, 
which calculates moving correlations among individual tree series (Holmes, 1983). For each 
tree, measurements from the two cores were averaged. 
We used 13C/12C isotope ratios in wood from cross-dated cores as proxies of the intrinsic 
water-use efficiency (iWUE). Isotopic discrimination in C3 plants is a result of the 
preferential use of 12CO2 over 
13CO2 during photosynthesis. The two stable C isotopes are 
incorporated in varying amounts depending on the ratio between the intercellular (Ci) and the 
atmospheric CO2 concentrations (Ca), which is determined by stomatal conductance 
(Farquhar et al., 1982). We randomly chose five trees at each site (n = 10) among trees 
previously selected for growth analysis. The procedure followed for C isotopic analysis and 
iWUE calculation is described in González de Andrés et al. (2018). Scots pine´s mean 
chronologies of TRW and iWUE were constructed by averaging individual tree chronologies 
at both plot and site scales for the period 2000-2013. 
Time series decomposition 
In order to avoid spurious relationships that may arise from strong temporal dependence 
(Stenseth et al., 2003), we decomposed climatic and leaf litter production and nutrient 
composition series into a trendless component (TC) and a trend by means of the ensemble 
empirical mode decomposition (EEMD). EEMD is an improvement of empirical mode 
decomposition (EMD), an empirical but highly efficient and adaptive method for processing 
non-linear and non-stationary signals (Huang et al., 1998; Huang & Wu, 2008). This 
methodology has been demonstrated to have great potential for chronology development as 
EEMD-decomposed series correlate with instrumental data better than chronologies obtained 
following conventional detrending methods (Guan et al., 2018). 
EMD aims to decompose a time series into a small number of oscillatory components 
(intrinsic mode functions, IMFs) and a residual (trend) component (Huang et al., 1998; Huang 
and Wu, 2008). The IMFs are sequentially extracted from high to low frequencies using a 
spline-based iterative sifting process. Once an IMF is extracted, EMD subtracts it from the 
time series and sifts through the remaining part of the signal to extract the next IMF of lower 
frequency until it cannot find one. The remaining signal (residual) is either constant, 
monotonic, or with only one extremum (Huang et al., 1998; Huang & Wu, 2008). EEMD is a 
Monte Carlo process in which zero-mean Gaussian white noise is added to each EMD process 
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to achieve better signal separation (Wu & Huang, 2009). Detailed description of EMD and 
EEMD can be found in Huang et al. (1998), Huang & Wu (2008) and Wu & Huang (2009). 
EEMD has been successfully applied to dendrochronological (e.g. Guan et al., 2012; 
Zhang & Chen, 2017; Lo et al., 2017; Guan et al., 2018) and phenological data (Guan, 2014). 
EMD-EEMD decomposes time series based on local behaviors and in a sequential manner, 
thus it does not assume either linearity or stationarity in data. The trend is derived intrinsically 
and adaptively, so it does not require an a priori structure (Wu et al., 2007). These properties 
make EEMD an ideal tool for separating TCs from the trend (Guan, 2014). 
The decomposition was conducted using the Rlibeemd package (Helske & Luukko, 2016) 
for R software. Each EEMD run comprised 5000 EMD runs. The standard deviation of the 
introduced Gaussian white noise was 0.1 of that of the average climatic and leaf litter 
production and composition series. For EEMD decomposition, each series was decomposed 
into a trendless component (the sum of the EEMD IMFs) and a trend. EEMDs of leaf litter 
variables were performed using averaged series at species and site level. 
Statistical analyses 
Between-sites and between-species differences in production of different litterfall 
fractions and nutrient concentrations and ratios, as well as identification of litterfall 
production peaks during the fall season were assessed with one-factor ANOVA. Linear mixed 
effects models (LMMs) were used to evaluate the effect of site or month (fixed factors) with 
plot nested in year as a random effect and a correlation structure to account for the repeated 
measures on the same plot. Differences between months were assessed with Tukey´s post hoc 
comparisons. 
Redundancy analyses (RDA) were performed to assess the influence of local climate and 
large-scale circulation indices on leaf litter dynamics from 2000 to 2017 based on 
experimental plots as cases. TC of leaf litter variables (biomass at monthly scale, and N:P:K 
concentrations and stoichiometry at annual scale) were considered as response matrices. 
Predictive matrix included SPEI, NAO and ENSO. Time scale (number of months considered 
for index calculation) and time lag (number of years prior to leaf abscission) of climate 
variables were selected following a stepwise procedure. We considered meaningful 
relationships with large-scale circulation indices as long as they were consistent with local 
climate variables. Lagged associations between pine needle litter composition and climate 
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were assessed from lags zero to 48 months. Variance partitioning was used to estimate the 
variance explained by local climate and large-scale patterns, as well as the covariance 
between them (Brocard et al., 1992; Peres-Neto et al., 2006). We then performed 
spatiotemporal correlations of local climate and leaf litter variables with two detrended 
monthly gridded fields: HadISST1 dataset (a reconstructed 1º x 1º sea surface temperature 
(SST) field; Rayner et al., 2003), and NCEP/NCAR dataset (a reanalysis of 2.5º x 2.5º sea 
level pressure (SLP) field; Kalnay et al., 1996). 
The relationships between leaf litter dynamics, water use and Scots pine tree growth were 
evaluated by means of principal component analysis (PCA) based on yearly data of 
experimental plots as cases and considering the effect of the factor ‘Year’. All variables were 
standardized in order to avoid biases due to magnitude differences. First, the relationship 
between monthly pine needle litter production with TRW and iWUE of the same year was 
assessed. Second, the relationship among leaf litter quality and pine TRW and iWUE was 
analyzed considering the joint contribution of both species to leaf litter. For each species, 
concentration of nutrients was multiplied by the annual leaf litter biomass and then the 
nutrient content of both species was added. Time lags between leaf litter fall and TRW and 
iWUE (i.e. delay in years from leaf abscission to maximum effect on tree-ring formation) was 
assessed using LMMs, considering up to 5-year lagged leaf litter shedding. Models included 
nutrient content, stoichiometric relationships and site as fixed factors, as well as a random 
intersection associated with plot nested in year (random factor) and a first-order 
autocorrelation structure. 
Finally, we applied a structural equation model (SEM) (Shipley, 2016) to unravel the 
simultaneous indirect and direct effects of large-scale circulation patterns (NAO and ENSO), 
and local climate (SPEI) on leaf litter dynamics and Scots pine TRW and iWUE. Causal 
relationships were based on simultaneous LMMs, which included EEMD detrended variables 
(i.e. TCs) as fixed factors and a random term with the form of plot nested in site. Goodness of 
fit was assessed with a χ2-test on the Fisher’s C statistic (Lefcheck, 2016). 
LMMs and post hoc comparisons were carried out using the nlme (Pinheiro et al., 2017) 
and multcomp (Hothorn et al., 2008) packages for R software, respectively. Likewise, RDA 
and PCA analyses were conducted with the vegan package (Oksanen et al., 2017). Cross-
correlations and spatiotemporal correlations were conducted via the Royal Netherlands 
Meteorological Institute Climate Explorer website (http://climexp.knmi.nl/) (Trouet & Van 
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Litterfall production and composition varied with species, sites, and climatic 
conditions 
Scots pine needles, beech leaves and leaves from other broadleaf species at the 
Mediterranean site, and pine needles at the continental site, accounted for more than 70 % of 
total litterfall at both sites (Table 3). Although no significant differences between sites were 
found in autumn pine needle production (ANOVA, F = 3.595, p = 0.131), beech leaves (F = 
19.291, p = 0.012), leaves of other broadleaf species (F = 8.879, p = 0.041), pine branches (F 
= 32.821, p = 0.005) and miscellaneous (F = 7.837, p = 0.048), masses were higher at the 
Mediterranean site. Leaf litter dynamics were observed to shift from pine dominated to 
pine/beech co-dominated canopy at the Mediterranean site in 2016, whereas pine remained 
dominant in the continental canopy during the whole study (Fig. 1A). 
Leaf litter production varied significantly during autumn (Table 3). Pine needle fall 
displayed a maximum in August-September at the Mediterranean site. However, the peak was 
delayed to September-October at the continental site. Meanwhile, massive beech leaf 
abscission was later than pine needles’ peaks: November at the Mediterranean site and 
October at the continental site. A decreasing trend of needle litter production during early 
autumn months and a striking increase of beech leaves in November were observed at the 
Mediterranean site during the 18-year period (Fig. 1B). Beech leaf litter production was of 
lesser magnitude at the continental site (Fig. 1C). 
All nutrient concentrations were significantly higher in beech leaves than in pine needles 
([N]: F = 42.91, p = 0.001; [P]: F = 10.78, p = 0.022; [K]: F = 26.36, p = 0.004). Between-site 
differences in leaf litter nutrient concentration varied depending on nutrient and species 
(Table 4). Significant differences (p < 0.05) between sites were found for [P] (MED site < 
CONT site) in pine needle litter, and for [N] (MED site > CONT site) and [K] (MED site > 
CONT site) in beech leaf litter (Table 4). N:P ratio of leaf litter was greater at the 
Mediterranean site, while the opposite pattern was found for P:K ratio (Table 4). Overall, N:P 
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ratios showed a rising trend (Fig. 2D), while P:K ratios displayed a general decrease (Fig. 2F). 
No clear trends were found for N:K ratios (Fig. 2E).  
Summer SPEI was negatively related with the timing of maximum pine needle litter 
production (September at the Mediterranean site and October at the continental site; Figs. 3A 
and 3B). That is, the higher the soil moisture during summer the later the needles fell. Beech 
leaf litter fallen in September was positively related with SPEI.1September at both sites (Figs. 3C 
and 3D). Leaf litter [N] and [P] of both species showed positive relationships with late spring 
and summer water availability; in the case of pine the relationship was with SPEI of three 
years prior needle abscission (Fig. 4). Stoichiometric relationships of both species at the two 
sites responded homogeneously to water availability. Dry conditions in late spring and 
summer increased N:P but reduced N:K and P:K ratios. 
Teleconnections of leaf litter dynamics 
Local climatic variables showed significant teleconnections with the North Atlantic and 
Pacific oceans. Results are detailed in the Supporting Information. In summary, previous 
winter NAO exerted a negative influence on late spring and early summer precipitation, while 
the influence of ENSO on precipitation was stronger during summer. Mean temperature was 
correlated with NAO in February and March and with ENSO during autumn. 
The amount of variance of leaf litter dynamics explained by large-scale circulation 
patterns is larger than that explained by SPEI for both species at the Mediterranean site, and 
similar for pine needle litter at the continental site. Local climate accounted for larger 
variations of beech leaf litter dynamics at the continental site than large-scale climatic indices 
(Figs. 3 and 4). Early pine needle fall showed a positive relationship with NAO´s positive 
phases during spring (Figs. 3A and 3B), whereas summer ENSO was positively related with 
October needle litter production at the Mediterranean site. For beech leaf litter, spring NAO 
was negatively correlated with leaf litter production in August and September, while October 
leaf litter production responded more to ENSOSeptember (Figs. 3C and 3D). These patterns were 
reflected on the correlations found between leaf litter production and North Atlantic Ocean 
SLP and tropical Pacific Ocean SST for the period 2000 – 2017 (Fig. 5). 
Three-year lagged winter NAO was negatively related to pine needle litter [N] and [P], 
while 3-year lagged spring ENSO had a negative influence on the N:P ratio (Figs. 4A and 
4B). Beech leaf litter N:P ratio was positively affected by spring NAO and early summer 
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ENSO (Figs. 4C and 4D). As in the case of leaf litter biomass, strong spatiotemporal 
correlations for the period 2000 – 2017 were found between leaf litter stoichiometric 
relationships and North Atlantic Ocean SLP and tropical Pacific Ocean SST (Fig. 6). 
Linking leaf litter dynamics, TRW and iWUE of Scots pine 
Figure 7A shows the relationship between timing of needle litter drop and tree-ring 
formation during the same year for Scots pine trees. PC1 explained 26.77 % of variance and 
established a connection between needles fallen in September and TRW, which was also 
reduced as trees become older. PC2 related August needle litter and iWUE, and explained 
20.63 % of data set variability. The higher the iWUE, the earlier the needle abscission.  
Composition and stoichiometry of 3-year lagged leaf litter explained the greatest 
variability of both TRW and iWUE (results not shown). PC1, which explained 34.71 % of 
variance, encompasses most of the variability of Scots pine secondary growth. This axis 
established a relationship among N content, N:P and P:K ratios, TRW and year (Fig. 7B). The 
higher the N content and N:P ratio the lower the TRW, whereas the TRW-P:K ratio 
relationship was positive. PC2, which explained 20.3 % of variance, related P content and 
N:K ratio with iWUE. iWUE responded positively to P content of leaf litter, and negatively to 
N:K ratio (Fig. 7B). 
Additionally, we evaluated the hypothesis that coupled NAO and ENSO indirectly affect 
leaf litter dynamics through the influence on SPEI.3August (as a surrogate of summer water 
availability), and the effect of leaf litter dynamics on TRW and iWUE of Scots pine using 
SEM. The entire structured model resulted in an adequate goodness of fit based on Fisher’s C 
statistic of C(df = 24) = 21.37 (p = 0.617). Our results show how NAO and ENSO indirectly 
affected leaf litter dynamics through the modification of summer SPEI (standardized 
coefficients −0.16 and 0.33, respectively), which in turn had a noticeable direct effect on 
August pine needle litter production (standardized coefficient = -0.24), N:P and N:K ratios 
calculated as the weighted contribution of both Scots pine and beech (standardized 
coefficients −0.21 and 0.26, respectively) (Fig. 8). NAO also showed a direct effect on N:K 
ratio (standardized coefficient = -0.22). Seasonality of needle litter production showed 
stronger influence on iWUE (standardized coefficient = 0.21) than on TRW (standardized 
coefficients = -0.06). Significant effect of 3-year lagged N:P ratio of weighted pine and beech 
on Scots pine TRW (standardized coefficient = -0.22), and a weaker effect of 3-year lagged 
weighted N:K ratio on iWUE (standardized coefficient = -0.12). SEM analysis also disclosed 
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a negative impact of iWUE on TRW of Scots pine (standardized coefficient = -0.09). The 
model was able to explain 30 and 34% of iWUE and TRW variances. 
 
DISCUSSION 
Litterfall is the largest natural inflow of organic material and nutrients to forest soils 
(Vitousek, 1982). Tree species occupying the same site can differ conspicuously in nutrient 
return through litterfall (Reich et al., 2005). In mixed-species forests, litter effects on soil 
properties depend on the tree species involved and their relative contribution to the litter pool 
(Staelens et al., 2011), but direct extrapolations from monospecific forests could not be 
accurate. Our first hypothesis was supported as a negative relationship was found between 
leaf litter N:P ratio and pine growth, suggesting P limitation of ecosystem processes such as 
decomposition. Our second hypothesis was also confirmed, as large-scale circulation patterns 
had a clear impact on leaf litter dynamics by modulating ecosystem water availability. Indeed, 
large-scale climatic indices accounted for greater variations in leaf litter dynamics than local 
climate.  
Influences of climate, site, and canopy composition on leaf litter production  
Leaves were the biggest fraction of aboveground litterfall, representing more than 70 % 
and 80 % of total litter mass at the Mediterranean and continental sites, respectively (Table 3). 
Consistently, leaf litter has been shown to be the most important litterfall fraction and the 
major determinant of nutrient cycling in forest communities owing to the high nutrient 
concentrations in leaves (Prescott, 2002). These percentages were similar to those found in 
several mixed forests (Wang et al., 2008; Staelens et al., 2011). Blanco et al. (2006) collected 
litterfall every month during two and a half years at the same experimental plots, showing that 
Scots pine needle litter production rates (Mediterranean site: ca. 3000 kg ha-1 yr-1; Continental 
site: ca. 2800 kg ha-1 yr-1) were in the upper edge of the range observed in Spain and more 
northern locations (Pausas, 1997; Santa Regina & Tarazona, 2001; Martínez-Alonso et al., 
2007; Starr et al., 2005).  
The observed pine needle fall reduction at the Mediterranean site through the study 
period can be attributed to the increasing contribution of beech to total leaf litter (Fig. 1A). 
This increase is related to the expansion of beech crown cover in the plots during the last 
years, continuing the trend reported by Primicia et al. (2013) at the same site. At the 
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Mediterranean site, the replacement of pine trees by beech trees following the patterns of 
natural succession is progressively occurring, and beech already exceeded pine in litter 
circulation by the end of the study period (2017). However, at the continental site the small 
magnitude of beech leaf litter highlighted that the successional process towards a mixed 
canopy is still in a preliminary stage at this site.  
Climatic influence on litterfall dynamics could account for the seasonal variability of leaf 
fall within and between sites (Fig. 8). We have found distinct climatic effects on pine and 
beech, as reported by Liu et al. (2004) for coniferous and broadleaf forests at Eurasian scale. 
On one hand, pine needle fall responded to summer soil water conditions, so that the drier the 
summer the earlier the needle shedding (Figs. 3A and 3B). Water stress prevents the tree from 
maintaining all its leaf biomass and accelerates the fall of the older needles (Reich & 
Borchert, 1984; Wright & Cornejo, 1990; Pausas, 1997; Santa Regina & Tarazona, 2001; 
Martínez-Alonso et al., 2007) because of an increase of abscisic acid levels (Sundarapandian 
& Swamy, 1999). Several authors have reported this dependence between water availability 
and litterfall for pine species in mesic sites where drought periods are frequent (Pausas et al., 
1994; Pausas, 1997; Berg & Meentemeyer, 2001; Blanco et al., 2006; Martínez-Alonso et al., 
2007), although other studies have found opposite results when there was no water limitation 
(Starr et al., 2005; Lehtonen et al., 2008). The role of temperature may be considered for 
interpreting such relationships as in the former case increased temperature may exacerbate 
water stress so hastening needle shedding, while in the latter warmer conditions could 
increase resource use for maintenance respiration. Such interactive effects of moisture 
conditions and temperature variations have been already described also in tropical and boreal 
ecosystems (e.g. Wang et al., 2014a; Reich et al., 2018). Consistently, the earlier needle fall 
peak at the Mediterranean site (August-September) compared to the continental site 
(September-October) was probably the result of greater water stress and higher temperatures 
during the summer period in the former site. On the other hand, abscission of beech leaves 
before the main peak because of high water availability in September (Figs. 3C and 3D) may 
seem contradictory according to the afore-mentioned explanation. However, it should be 
understood in terms of the physical impact exerted by precipitation, which can remove old 
and senescent leaves from the canopy. Consistently, frequent heavy rains and storm activity 
during autumn after the end of dry season have been reported in the Mediterranean region 
(Romero et al., 1998) where an increase in heavy precipitation events is expected (IPCC, 
2013).  
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Leaf litter elemental composition: a proxy of ecosystem nutrient limitation 
Leaf litter nutrient status is primarily the product of the nutrient status of green leaves 
and the ratio of nutrient resorption (Killingbeck, 1996; Kobe et al., 2005). Nutrient 
concentrations in green leaves vary widely among different species, and such differences 
increase with phylogenetic distance (Sardans et al., 2015). Analogous differences in senescent 
leaves have been found when different functional groups were compared (e.g. coniferous vs. 
broadleaf; Kavvadias et al., 2001; Cornwell et al., 2008). Likewise, we have found 
outstanding differences between Scots pine and European beech, as concentrations of all 
macronutrients analyzed (N, P and K) were higher in beech leaf litter than in pine needles 
(Fig. 2).  
Besides between-species differences, nutrient composition and stoichiometry 
significantly differed between the two study sites (Table 4), suggesting the existence of other 
factors affecting leaf litter composition. Earlier studies have shown that both green leaves 
nutrients (e.g. Reich & Oleksyn, 2004; Sardans et al., 2013) and its resorption in trees (e.g. 
Aerts, 1996; Killingbeck, 1996; Blanco et al., 2009; Primicia et al., 2014) are related to 
climatic factors. Therefore, leaf litter nutrients are expected to be partially climate-dependent. 
Indeed, global patterns of leaf litter nutrient variation at regional (Aerts, 2007; Liu et al., 
2006) and global scales (Aerts, 1997; McGroddy et al., 2004; Yuan & Chen, 2009; Kang et 
al., 2010) have been identified. Although those studies suggest that globally temperature is 
the most important climatic factor controlling leaf litter composition, in water-limited 
ecosystems, such as the Mediterranean ones, water availability may play a key role (e.g. 
García-Palacios et al., 2016). Accordingly, we have found that SPEI accounted for part of the 
year-to-year variability (Fig. 4). The observed maximum cross-correlations between SPEI and 
nutrient composition obtained with a long-term lag (three years) for pine could indicate that 
senescent needle composition is related to climate at the time of needle production as needles 
in the study stands have 3-5 years life span (Blanco et al., 2009; Primicia et al., 2014).  
Water availability showed a positive relationship with [N] and [P] for both species. 
Drought may decrease nutrient mineralization (Cornwell et al., 2008; Zhang et al., 2008) and 
nutrient mobilization from the soil (Sardans & Peñuelas, 2007; Yuan & Chen, 2015a), which 
can reduce nutrient uptake and allocation to leaves (Sardans et al., 2012a; Sardans et al., 
2012b; Kreuzwieser & Gessler, 2010). Water availability has also been reported to modify 
nutrient resorption efficiencies (Del Arco et al., 1991, Yuan & Chen, 2009b). However, our 
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data set based on leaf litter nutrients does not allow us to disentangle the relative importance 
of each of those processes. N:P ratios responded negatively to water availability (Fig. 8). The 
N:P ratio response to drought agrees with previous results from green leaves (Sardans et al., 
2011; Sardans et al., 2013). Furthermore, the N:P ratios in senescent pine needles higher than 
those in green needles (see studies based on the same research forests: Blanco et al., 2009, 
and Primicia et al., 2014) indicated than pine trees resorb more P than N during senescence, 
as it is predicted to occur in P-limited ecosystems (McGroddy et al., 2004). Such results are 
also supported by our own previous studies at the same sites, which detected more intense N 
resorption at the Mediterranean site but more intense P resorption at the continental site 
(Table 4, Blanco et al., 2009). In any case, climate effects are difficult to isolate from the 
influence of soil fertility and other site-specific factors on green leaves composition and 
resorption.  
Meanwhile, beech leaf litter [K] was negatively related to SPEI. K represents a particular 
case as it is highly mobile and can be increasingly leached away with higher rainfall, which 
agrees with the lower [K] in leaf litter from the continental site (Table 4, Fig. 2C). In addition, 
Primicia (2012) also reported higher [K] in througfall in autumn at the Mediterranean site.  
Furthermore, K is particularly important in dry environments since this element plays a role in 
controlling leaf water loss as it boosts stomatal function (Khosravifar et al., 2008), controls 
osmosis (Babita et al., 2010), and it is related to hydraulic conductance (Oddo et al., 2011). In 
summer, K is allocated to leaves in order to avoid water stress (Sardans et al., 2012a). This 
allocation could be reflected in leaf litter composition, a fact supported by the negative 
relationship between [K] and summer SPEI (Figs. 4C and 4D). SPEI was also associated with 
N:K and P:K ratios for both species (Figs. 4 and 8). Likewise, Gotelli et al. (2008) have 
reported that N:K concentration ratios in plants correlate with the water content of soils. 
Nutrient concentrations and their stoichiometric relationships in leaf litter can determine 
the rate of decomposition and nutrient release, and therefore their subsequent availability for 
other plants and soil organisms (Berg & McClaugherty, 2003; Mooshammer et al., 2012). 
Hence, leaf litter nutrient status may inform about nutrient limitation at ecosystem level (Reed 
et al., 2012; Lang et al., 2016). The identification of critical leaf litter elemental stoichiometry 
ratios from which microbial decomposition is limited by N or P has been attempted in several 
studies (Aerts, 1997; Smith, 2002; Güsewell & Freeman, 2005; Mooshammer et al., 2012). 
Güsewell (2004) and Güsewell & Freeman (2005) found that decomposition was always P-
limited for litter with N:P ratios above 20-22. Considering such threshold we could state that 
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decomposition of leaf litter of both Scots pine and European beech is limited by P at the 
Mediterranean site (Fig. 2D). Beech litter N:P was in the 20-22 ratio during most of the 
research period at the continental site and previous studies at the same sites have reported that 
P is immobilized for at least 5 years, while some net mineralization of N occurred during that 
period (Blanco et al., 2011), suggesting than P could also be limiting decomposition rate.  
Regardless of specific values, decomposition rates have been negatively associated with 
N:P ratios of leaf litter (Schneider et al., 2012). Hence, the initial increasing patterns of N:P 
ratios of both species at both sites reached a peak in 2009-2013, remaining flat or decreasing 
afterwards. This temporal change broadly matches the radial growth rates observed for these 
species at both sites (González de Andrés et al., 2018; Candel-Pérez et al., 2018), and 
therefore it could indicate the end of the fast-growing juvenile stage of trees and the transition 
towards mature individuals (set in ~50 years for P. sylvestris in the Iberian Peninsula; 
Montero et al., 2001). In addition, our results for N:P ratios also support the growth rate 
hypothesis, as the higher ratios were found for the site with better conditions for anabolic 
metabolism and during the years with the highest growth rates (Candel-Pérez et al., 2018), 
and therefore nutrients were more thoroughly reabsorbed prior to abscission (Rivas-Ubach et 
al., 2012). Consequently, such change could also result in slowing down the P mineralization 
rate, thus reducing P availability for trees.  
P immobilization by soil microbes has been observed in P-depleted soils, where 
belowground microbial biomass contains the major proportion of P-pools (Vincent et al., 
2013). Consistently, Blanco et al. (2009, 2011) and Primicia et al. (2014) have already 
proposed that the studied forests may be P-limited based on foliar nutrition, resorption, and 
decomposition information. Furthermore, P available in the upper mineral soil (0.02 mg g-1, 
see Table 2) at our sites appears to be relatively low compared with averages for coniferous 
(0.84 mg g-1) or deciduous (0.98 mg g-1) temperate forests (Sohrt et al., 2017). This situation 
could lead to a deterioration of P nutrition, as has been reported for Central European forests 
of Scots pine (Prietzel et al., 2008; Jonard et al., 2015) and European beech (Braun et al., 
2010; Jonard et al., 2015; Talkner et al., 2015; Hofmann et al., 2016). Increases in P 
limitation and deterioration of tree P nutrition have been mainly attributed to high rates of N 
inputs to forest ecosystems (Peñuelas et al., 2013; Schmitz et al., 2019). The global pattern of 
increasing N deposition (Galloway et al., 2004) has been also reported for the last decades in 
NE Spain (Ávila & Rodá 2012). Indeed, Pyrenean forests have been identified as one of the 
ecosystems with a higher saturation risk due to N deposition (García-Gómez et al., 2014). 
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Accordingly, a situation close to N saturation in pine-beech mixtures of the Pyrenees has been 
proposed using a modeling approach (Blanco et al., 2017). The arise of a co-limitation by N 
and P in Pyrenean pine-beech mixtures could result in a higher sensitivity to other 
environmental stresses such as droughts or pests, which may prompt a rise in tree mortality 
(Braun et al., 2010; Blanco et al., 2012). This situation highlights the importance of 
understanding the links of nutrient circulation with climate oscillations (see next section). 
Furthermore, nutrient mineralization is often limited by low C quality as a significant 
fraction of essential nutrients is bound to recalcitrant lignin-related compounds (Zechmeister-
Boltenstern et al., 2015). The increasing contribution of European beech to forest leaf litter 
leading to the development of mixed stands over the last decades (Fig. 1A), particularly at the 
Mediterranean site, has major implications for turnover rates and nutrient cycling in the 
ecosystem. Deciduous leaf litter generally has lower lignin and polyphenol concentrations 
than conifer litter, so it would be expected to decompose faster (Perry et al., 1987) and even 
hasten the decomposition of needle litter (Polyakova & Billor, 2007). In addition, beech leaf 
litter N:P ratios may reach lower values than those of pine needle litter (Fig. 2D). Niinemets 
& Tamm (2005) stated that mixed-species forest communities appear to produce litters with 
chemical composition varying more widely than pure stands, and hence mixed litters might 
support a more diverse soil microfaunal and microbial populations.  
Connections among leaf litter dynamics and Scots pine radial growth and iWUE  
Although researchers have tried to connect leaf litter production with tree growth, results 
remain inconclusive. Different studies failed to detect such relationship from short litterfall 
series (Wirth et al., 2002; Martínez-Alonso et al., 2007). A weak correlation between 
productivity and litterfall was reported by Lehtonen et al. (2008) from a long-term study (43 
years) in a Scots pine forest in Finland. However, in this study we have found that timing of 
Scots pine needle shedding influenced TRW, in such a way that the more needles fell in 
September, the more pine trees grew (Fig. 7A). Needle shedding prior to September was 
linked with water stress during summer, which has also been frequently associated with 
growth reductions in Mediterranean Scots pine populations (e.g. Martínez-Vilalta et al., 2008; 
Primicia et al., 2013; Marqués et al., 2017). Indeed, warming-induced drought at the 
beginning of the growing season has been identified as the major constraint on growth of 
Mediterranean Scots pine populations (Sánchez-Salguero et al., 2015). Both Primicia et al. 
(2013) and Cardil et al. (2018) have reported a secondary growth peak of Scots pine in 
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October at these sites for which the maintenance of green needles longer in autumn may play 
a key role. Accordingly, the interaction between precipitation and temperature during autumn 
has been found to be an important climatic growth driver for the studied pine stands 
(González de Andrés et al., 2018). Further, seasonality of needle litter production was linked 
with pine iWUE through the effect of water availability (Fig. 8). The effect of air humidity or 
soil moisture on tree ring iWUE has been widely reported (e.g. Waterhouse et al., 2004; 
Linares & Camarero, 2012; González de Andrés et al., 2018). Summer water stress could 
produce premature needle shedding in August, which finally resulted in formation of tree-
rings with greater iWUE (Fig. 7A). In addition, if summer drought is severe enough, it could 
cause enhanced leaf senescence and reduced leaf production for several years after (Corcuera 
et al. 2004). However, such legacy effect was not found in litter dynamics at our sites (see 
Table S1 in Supporting Information). Similarly, we have recorded ring width and wood 
density reductions in years of intense summer droughts, but tree growth quickly recovered the 
following years without generating noticeable legacy effects (Candel-Pérez et al. 2018). 
Forests productivity and litter quality are highly dependent on soil nutrient availability, 
which is determined in part by leaf litter composition and stoichiometry. Therefore, rates of 
decomposition and mineralization are strongly influenced by litter quality. Following the 
consumer-driven nutrient recycling theory (Sterner & Elser 2002), we assumed that leaf litter 
stoichiometry influences the rate at which each nutrient becomes available for tree uptake. 
Supporting this assumption, we have found a negative relationship between TRW and N:P 
ratio of leaf litter fallen three years prior to tree-ring formation (Fig. 7B), a fact that is also in 
concordance with the P-limited decomposition previously reported (see section 4.2.). This 
result should be cautiously interpreted as net P release has not been observed at these sites 
after three years of decomposition neither for pine needles (Blanco et al., 2011) nor for beech 
leaves (unpublished results). Instead, high N:P ratios may negatively affect growth rate of soil 
microbes (as stated by the growth rate hypothesis, Sterner & Elser, 2002), and thus reduce the 
rate of leaf litter decomposition (Fig. 8).  
Scots pine iWUE also responded to stoichiometry of leaf litter fallen with a 3-year time 
lag, showing a negative relationship with N:K ratios (Fig. 7B). Recent studies have evidenced 
the important role of K content and its stoichiometric relationships for water stress resistance 
in the Mediterranean region (Sardans & Peñuelas, 2007; Sardans et al., 2012a; Sardans et al., 
2013). Therefore, K is a key element in tree physiology involved in cellular osmosis 
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adjustment, stomata control and water-use efficiency (Babita et al., 2010), and it needs to be 
included in stoichiometric studies. 
Large-scale circulation patterns impacts on leaf litter dynamics 
Leaf litter dynamics may not reflect only local climate variations, but also large-scale 
atmospheric-oceanic circulations, which can provide a broad understanding of observed 
changes in the local physical environment and the associated ecological processes (Stenseth et 
al., 2002; Stenseth et al., 2003; Hallet et al., 2004). In this study, the amount of variance in 
leaf litter dynamics explained by large-scale climatic indices was generally larger than the 
variance explained by local indices (Figs. 3 and 4). These associations can be understood 
through the afore-mentioned impact of water availability on litterfall, as atmospheric-oceanic 
circulations exert their influences on ecological systems through local weather variations (see 
a detailed discussion in Appendix B) (Stenseth et al., 2003).  
Positive phases of NAO during winter and spring and negative phases of ENSO at 
summer may have caused drier conditions during the growing season (see Appendix C for a 
mechanistic explanation) (Fig. S5), hastening early needle shedding (Fig. 3). In the case of 
beech leaves, the impact of NAO may be explained by its teleconnection with wind 
conditions: positive phases of NAO are associated with a decrease in the number of extreme 
wind events in the western Mediterranean region (Nissen et al., 2010). Thus, advanced beech 
leaf shedding could be associated with storm activity during September (Figs. 3 and 5).  
Our results suggest complex leaf litter dynamics regulated by global atmospheric-oceanic 
patterns, in which leaf litter seasonality and composition are simultaneously affected by 
global processes originated in both the North Atlantic and Pacific oceans (Figs. 5 and 6). The 
predicted changes of NAO towards more positive phases and the intensification of ENSO-
induced rainfall variability due to changes in moisture availability (Christensen et al., 2013) 
may enhance the frequency and severity of droughts in the Pyrenees (IPCC, 2013). However, 
such predictions should be taken with caution as modelling studies of the behaviour of 
atmospheric circulation patterns under future climate are either contradictory (e.g. Davini & 
Cagnazzo, 2014) or inconclusive (e.g. Maher et al., 2018). In any case, considering the 
correlation between water availability and leaf litter dynamics in Scots pine – European beech 
mixtures in their distribution edges, decreases in decomposition and nutrient release rates and 
trees nutrition deterioration might be expected. Hence, direct effects of water shortage would 
be worsened in drought-prone environments, such as circum-Mediterranean regions, by 
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reducing the capacity of trees to use water efficiently and the consequent decrease in growth 
and carbon storage capacity. 
 
CONCLUSIONS  
Long-term studies of litterfall dynamics are important to reach a better understanding of 
energy and nutrients transfers from trees to soil in forest ecosystems. In the relatively short 
time of 18 years (referred to trees´ life span), natural succession at these forests has 
progressed to a point in which European beech crown cover has expanded into formerly Scots 
pine-dominated stands, taken the lead as the main species in litterfall cycling. This change 
may have important effects on forest functioning, considering seasonal and compositional 
differences between leaf litters of both species. 
Large-scale atmospheric-oceanic oscillations account for major variations in water 
availability in the Pyrenees. Water availability has been found to play an important role in leaf 
litter seasonality and quality of Pyrenean Scots pine-beech mixtures. Increasing trends of N:P 
ratios in leaf litter of both species, particularly at the Mediterranean site, pointed out to 
increasing P limitation in those mixtures. Relationships between leaf litter seasonality, 
stoichiometry, stem growth and water-use efficiency of Scots pine were established.  
Under the predicted reduction in summer precipitation between 3 to 23% and increasing 
summer temperatures by 1.2 to 2.3ºC, the current anthropic climate change will have an 
important impact on litterfall and nutrient dynamics in circum-Mediterranean regions. Our 
work provides a mechanistic evidence of the complex interconnections among global and 
local climatic drivers, leaf litter dynamics and Scots pine performance in terms of radial 
growth and water-use efficiency. It highlights the importance of understanding the potential 
cascading effects that modifications in global climate patterns have on site-level ecological 
processes in mixed forests. 
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TABLES 
Table 1. Sites and stands characteristics (mean  standard error) measured in 2014. Stands 
descriptors were taken from Puertas (2001) and Iriarte and Puertas (2003). 
Site Mediterranean site Continental site 
Latitude 42º42’31’’ N 42º48’50’’ N 
Longitude 1º8’40’’ W  52’30’’ W 
Altitude (m a.s.l.) 625 1335 
Climate type (Papadakis, 1970) Cold wet Mediterranean Cold wet continental 
Mean annual temperature (º C) a 11.9  0.1 9.3  0.1 
Total annual precipitation (mm) a 913  23 1346  61 
Soil Haplic Alisol Dystric Cambisol 
Slope (%) 7 40 
Density (stems ha-1) b 2400  301 2019  212 
Total basal area (m2 ha-1) 57.5  2.25 56.0  6.3 
Tree species richness 18 10 
Density proportion of P. sylvestris (%) 69.34  0.02 85.22  0.06 
Density proportion of F. sylvatica (%) 11.73  0.04 13.71  0.05 
Site Index at stand age 80 years (m) c 29 23 
Stand Age in 2017 (years) c 50  2.3 55  2.1 
Dominant height (m) c, d 20.4  0.3 17.3  0.9 
Mean dbh P. sylvestris (cm) e 17.2  1.1 17.9  0.8 
Mean dbh F. sylvestris (cm) e 8.5  0.5 5.0  1.1 
a Referred to the period 1980-2017. 
b Trees with a diameter at breast height (1.30 m, dbh) > 7.5 cm. 
c Referred to P. sylvestris. 
d Measured averaging (n = 100) the height of the thickest dominant trees per hectare. 
e Measured by double cross measurement. 
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Table 2. Soil properties of the top mineral soil (mean ± SE) at the study sites.  
 Mediterranean site Continental site 
Texture a Silt loam Loam 
Density (g cm-3) 0.96 0.76 
pH 1:2.5 H2O 5.05 ± 0.06 5.20 ± 0.05 
CEC (cmol+ kg-1) 11.21 ± 0.39 20.19 ± 1.38 
Organic Matter (%) 9.22 ± 0.41 9.57 ± 0.62 
Organic C (mg g-1) b 53.12 ± 2.75 52.62 ± 2.36 
Organic N (mg g-1) b 2.62 ± 0.12 2.39 ± 0.08 
Available P (mg g-1) c 0.018 ± 0.001 0.025 ± 0.002 
Available K (mg g-1) c 0.114 ± 0.004 0.146 ± 0.007 
C/N 20.68 ± 0.51 22.43 ± 1.13 
N/P 196.9 ± 13.9 139.3 ± 22.4 
a Based on USDA classification. 
b Organic C (Walkley-Black method, USDA, 1972), organic N (Kjeldahl), 
c Available P (Olsen, Kuo, 1996), available K (mass spectrometry, Richards 1954). 
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Table 3. Litterfall production (mean ± standard error; kg ha-1) of late summer and autumn at both study sites separated by months, fractions and 
localities. Different letters correspond to significant differences among months within litterfall fraction and site (p < 0.05, Tukey test). 
Litter fraction Site Total August September October November F p-value 
Scots pine needles MED 1261.9 ± 48.1 476.9 ± 23.9 a 424.2 ± 18.7 a 245.0 ± 14.9 b 115.7 ± 1.4 c 82.16 <0.0001 
CONT 1618.2 ± 191.4 330.5 ± 26.2 a 604.3 ± 56.2 b 683.4 ± 109.5 b - 18.51 <0.0001 
Beech leaves MED 582.0 ± 95.2 11.2 ± 2.1 a 19.1 ± 2.3 a 121.3 ± 30.4 b 430.3 ± 68.9 c 124.51 <0.0001 
CONT 7.6 ± 2.0 0.7 ± 0.3 a 0.5 ± 0.2 a 6.4 ± 1.9 b - 43.88 <0.0001 
Other broadleaves MED 142.8 ± 29.7 14.7 ± 2.9 ab 13.9 ± 3.9 a 58.8 ± 6.1 a 55.2 ± 18.9 c 6.77 0.0003 
CONT 11.9 ± 2.8 3.3 ± 0.4 a 2.6 ± 0.4 a 6.0 ± 2.1 b - 3.57 0.0314 
Scots pine branches MED 394.6 ± 17.5 175.2 ± 30.7 a 100.5 ± 16.5 ab 74.4 ± 11.4 b 44.5 ± 24.4 b 6.59 <0.0001 
CONT 110.9 ± 14.0 52.4 ± 13.2  24.6 ± 6.7  33.9 ± 8.2  - 2.10 0.1272 
Miscellaneous MED 400.4 ± 28.9 169.6 ± 5.7 a 84.0 ± 5.6 bc 97.1 ± 9.6 b 49.6 ± 11.2 c 18.69 <0.0001 
CONT 247.1 ± 42.9 123.0 ± 27.3 a 58.0 ± 7.6 b 66.1 ± 8.4 b - 12.73 <0.0001 
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Table 4. Nutrient concentration and ratios (mean ± standard error) of leaf fractions of litterfall 
of Scots pine and European beech at the two study sites: Mediterranean site (MED) and 
continental site (CONT). Significant differences between sites (p < 0.05, ANOVA) are shown 
with asterisks. 
 Pinus sylvestris Fagus sylvatica 
 MED site CONT site MED site CONT site 
[N] (mg g-1) 7.04 ± 0.31 6.22 ± 0.22 14.01 ± 0.52 9.39 ± 0.43* 
[P] (mg g-1) 0.23 ± 0.01 0.39 ± 0.01* 0.37 ± 0.02 0.42 ± 0.02 
[K] (mg g-1) 2.32 ± 0.10 2.35 ± 0.10 5.40 ± 0.33 3.67 ± 0.31* 
N:P 32.36 ± 1.04 16.37 ± 0.48* 39.80 ± 1.41 23.17 ± 1.06* 
N:K 3.12 ± 0.09 2.75 ± 0.11 2.78 ± 0.12 3.25 ± 0.26 
P:K 0.098 ± 0.003 0.170 ± 0.005* 0.074 ± 0.005 0.150 ± 0.013* 
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Figure 1. Evolution of whole-autumn leaf litter biomass (A) and trends of monthly leaf litter 
production at the Mediterranean site (B) and continental site (C). Trends were extracted by 
means of ensemble empirical mode decomposition (EEMD) (see section 2.4.). Different 
symbols represent different months. 
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Figure 2. Trends of different nutrient ratios in Scots pine needles (triangles) and European 
beech leaves (circles) in the litterfall collected at the two study sites: Mediterranean site 
(MED, black) and continental site (CONT, grey). Trends were extracted by means of 
ensemble empirical mode decomposition (EEMD) (see section 2.4.). The horizontal dash line 
in D graph represents the N:P threshold value above which litterfall decomposition has been 
proposed to be P-limited (Güsewell & Freeman 2005). 
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Figure 3. Redundancy analysis (RDA) based on experimental plots as cases and climate 
variables as predictive matrix and response matrix of trendless components (TCs) of leaf litter 
monthly production of Scots pine at the Mediterranean site (A) and at the continental site (B), 
and European beech at the Mediterranean site (C) and at the continental site (D). Climate 
variables are represented as INDEX.XMonth(Y) where X is the time scale in months and Month is 
the last month considered for index. Bars at the bottom of every graph represent partial R2 of 
local climate (black), large-scale circulation patterns (dark grey) and shared variance (light 
grey). 
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Figure 4. Redundancy analysis (RDA) based on experimental plots as cases and climate 
variables as predictive matrix and response matrix of trendless components (TCs) of 
concentrations of N, P and K and their stoichiometric relationships in Scots pine senescent 
needles at the Mediterranean site (A) and at the continental site (B), and European beech 
senesced leaves at the Mediterranean site (C) and at the continental site (D). Climate variables 
are represented as INDEX.XMonth(Y) where X is the time scale in months, Month is the last 
month considered for index calculation and Y is the time lag in years. Bars at the bottom of 
every graph represent partial R2 of local climate (black), large-scale circulation patterns (dark 
grey) and shared variance (light grey). 
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Figure 5. Spatiotemporal correlations between detrended NCEP/NCAR R1 sea level 
pressure (SLP, above), detrended HadISST1 sea surface temperature (SST; bottom) and leaf 
litter production trendless components (TCs) the time period 2000 – 2017: (A) March to April 
SLP – August Scots pine needle fall at the Mediterranean site; (B) May to July SST – October 
Scots pine needle fall at the Mediterranean site; (C) previous November SLP – October 
European beech leaf fall at the continental site; (D) July to September SST – September 
European beech leaf litter production at the Mediterranean site. Only correlations with p < 0.1 
are shown. Yellow arrows indicate location of the study sites. 
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Figure 6. Spatiotemporal correlations between detrended NCEP/NCAR R1 sea level 
pressure (SLP, above), detrended HadISST1 sea surface temperature (SST; bottom) and leaf 
litter N:P stoichiometric trendless components (TCs) for the time period 2000 – 2017: (A) 3-
year lagged March SLP – Scots pine needle litter N:P ratio at the continental site; (B) 3-year 
lagged January to March SST – Scots pine needle litter N:P ratio at the continental site; (C) 
current February SLP – European beech leaf litter N:P ratio at the Mediterranean site; (D) 
current September SST – European beech leaf litter N:P ratio at the continental site. Only 
correlations with p < 0.1 are shown. Yellow arrows indicate location of the study sites. 
González de Andrés et al. (2019)  https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.14672 
 7 / 51 
Figure 7. (A) Principal component analysis (PCA) based on experimental plots as cases with 
year, Scots pine tree-ring width (TRW), intrinsic water-use efficiency (iWUE) and monthly leaf 
litter production of the same year than tree-ring formation (Aug, Sep, Oct, Nov). (B) PCA based 
on experimental plots as cases with year, TRW and iWUE of Scots pine, and nutrient contents 
(N-3, P-3, K-3) and stoichiometry (N:P-3, N:K-3, P:K-3) of overall leaf litter reaching forest floor 
three years prior tree-ring formation. Axes represent first and second principal components 
(PCs); in brackets, the amount of explained variation by each PC is shown. Both sites were 
analyzed together. 
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Figure 8. Mechanistic representation of the climate–leaf litter dynamics–tree-ring information 
relationships in Scots pine (Pinus sylvestris). Results of the Structural Equation Models 
(SEMs) exploring the effects of large-scale circulation patterns (NAO and ENSO) on 
standardized precipitation evaporation index (SPEI), the effects of SPEI on leaf litter 
seasonality of Scots pine and leaf litter stoichiometry considering the joint contribution of 
both species, and the effects of leaf litter dynamics on Scots pine tree-ring width (TRW) and 
intrinsic water-use efficiency (iWUE). Variables included in the model are trendless 
components. Global goodness of fit of the entire model is C(df = 24) = 21.37 (p = 0.617) 
(Lefcheck 2016). Arrow thickness is proportional to the standardized regression coefficient´s 
magnitude (showed beside each arrow). Significant coefficients are marked with asterisks (* 
= p < 0.05; ** = p < 0.01). Solid arrows represent relationships among variables measured in 
the same year and dash arrows indicate a time lag of 3 years between leaf fall and tree-ring 
formation of pine trees (i.e. indirect relationship through decomposition and nutrient release 
processes). R-squared values of individual models are shown. 
 
 
